[1] Boreal summer insolation during the last interglaciation (LIG) generally warmed the subpolar to polar Northern Hemisphere more than during the early Holocene, yet regional climate variations between the two periods remain. We investigate northeast Labrador Sea subsurface temperature and hydrography across terminations (T) I and II and during the LIG to assess the impact of two different magnitudes of boreal summer insolation increase on the northeast Labrador Sea. We use Mg/Ca ratios in Neogloboquadrina pachyderma (sinistral) as a proxy of calcification temperature to document changes in subsurface temperatures over Eirik Drift. Our corresponding record of d 18 O of seawater documents changes in water mass salinity. Mg/Ca calcification temperatures peak early in the Holocene coincident with peak boreal summer insolation. In contrast, LIG temperatures are relatively constant through the interglaciation, and are no warmer than peak Holocene temperatures. During the first half of the LIG, d
Introduction
[2] The last interglaciation (LIG; $128-116 ka) was forced by a greater increase in boreal summer insolation than the Holocene (<11.5 ka). Many proxy records suggest a warmer-than-peak Holocene climate for much of the high-latitude Northern Hemisphere during the LIG [CAPE Project Members, 2001; CAPE-Last Interglacial Project Members, 2006] , which likely drove the Greenland Ice Sheet (GIS) to a smaller-than-present extent [Stoner et al., 1995; Hillaire-Marcel et al., 2001; Otto-Bliesner et al., 2006; Carlson et al., 2008; Colville et al., 2011] . However, some climate models simulate a more spatially variable LIG Northern Hemisphere climate in response to GIS melting and changes in subpolar gyre strength [Cottet-Puinel et al., 2004; Felis et al., 2004; Otto-Bliesner et al., 2006; Sánchez Goñi et al., 2012] . Several proxy records also suggest a more complex response of the North Atlantic basin to rising boreal summer insolation than general LIG warming [Bauch et al., 1999 [Bauch et al., , 2012 Cortijo et al., 1999; Axford et al., 2011; Van Nieuwenhove et al., 2011] .
[3] Surface and near-surface temperature records from the northeast North Atlantic document a warmer-than-Holocene LIG [e.g., Cortijo et al., 1999; Oppo et al., 2006; Martrat et al., 2007; Bauch et al., 2012; Sánchez Goñi et al., 2012] . In contrast, similar records from the Nordic Seas suggest cooler-than-Holocene conditions during the LIG, possibly due to a reorganization of local ocean currents and delayed influx of warm Atlantic waters [Bauch et al., 1999 [Bauch et al., , 2012 Van Nieuwenhove et al., 2011] . The timing of peak LIG warmth may also vary in the North Atlantic basin, with western Labrador Sea and Nordic Seas records showing peak warmth near the end of the LIG, relative to early peak warmth in the northeast Atlantic [e.g., Cortijo et al., 1999; Rasmussen et al., 2003; Oppo et al., 2006; Martrat et al., 2007; Bauch et al., 2011 Bauch et al., , 2012 Sánchez Goñi et al., 2012; Van Nieuwenhove et al., 2011] . Similarly, a terrestrial record of LIG air temperatures from northern Baffin Island, Canada suggests that the LIG was no warmer, and potentially colder, than peak Holocene temperatures [Axford et al., 2011] , whereas European pollen records suggest warmer-than-peakHolocene LIG air temperatures [e.g., Shackleton et al., 2003; Sánchez Goñi et al., 2012] . Together, these records do not agree with the characterization of the LIG northern North Atlantic as being universally warmer than the early Holocene [CAPE Project Members, 2001; CAPE-Last Interglacial Project Members, 2006] , indicating that further study is needed to define the LIG temperature pattern in the North Atlantic. [4] In this vein, we investigate subsurface temperature and hydrography of the northeast Labrador Sea in the subpolar gyre for Terminations I (TI, $20-6 ka), II (TII, $138-128 ka) and the LIG to determine the response of this region to different magnitudes of boreal summer insolation increase ( Figure 1 ). We use planktic foraminiferal Mg/Ca from sediment core MD99-2227 [58.21 N, 48 
Setting
[5] The East Greenland and Irminger Currents influence the subsurface waters above the Eirik Drift ( Figure 1 ). Originating in the Arctic Ocean, the East Greenland Current is cooler and fresher than average North Atlantic waters. Entering the Greenland Sea by way of the Fram Strait, the East Greenland Current follows the shelf break off of the east Greenland coast as it travels to the southern tip of the island, whereupon it turns to the northwest and becomes the West Greenland Current (Figure 1 ) Coachman, 1968a, 1968b] . Along southeast Greenland, the East Greenland Current mixes with the Irminger Current, a branch of the North Atlantic Current that transports warmer and saltier waters to the Greenland coast [Holliday et al., 2007; Myers et al., 2007; Jones et al., 2008; Dodd et al., 2009] . Both the polar and Atlantic waters are buoyed above Labrador Sea Water and North Atlantic Deep Water, which are entrained within the Western Boundary Undercurrent [Lucotte and Hillaire-Marcel, 1994; Fagel and Hillaire-Marcel, 2006] . The relative proportions of the East Greenland Current and the Irminger Current over the Eirik Drift are controlled by the strength of the North Atlantic subpolar gyre [Hátún et al., 2005; Myers et al., 2007; Holliday et al., 2007; Haine et al., 2008; Jones et al., 2008; Dodd et al., 2009] [6] Sediment core MD99-2227 was raised aboard the Marion Dufresne II during Leg II of the IMAGES99 campaign from the western extremity of the Eirik Drift, near where surface waters transition from the East Greenland Current into the West Greenland Current (Figure 1 ) [Hillaire-Marcel and Turon, 1999] . At this location, waters of the northeast Labrador Sea reflect a combination of Arctic-and Atlantic-sourced water masses [Holliday et al., 2007] . Given this mixture, we cannot delineate unique changes in either of the source water masses, only their combined effect.
3. Neogloboquadrina pachyderma (sinistral) Habitat [7] We use Neogloboquadrina pachyderma (s) tests to reconstruct near-surface water mass properties because it is the only foraminifera species present in the core during both deglacial and interglacial periods. Neogloboquadrina pachyderma (s) is abundant in ocean waters ≤5 C and has been documented living in waters as cold as À1.4
C [Tolderlund and Bé, 1971; Hilbrecht, 1997] . In the North Atlantic, the production rate of N. pachyderma (s) is greatest during the spring phytoplankton bloom (May to June) and in late summer to early autumn (August to October) [Tolderlund and Bé, 1971; Jonkers et al., 2010] . Neogloboquadrina pachyderma (s) generally lives within the pycnocline-50-150 m water depth at MD99-2227 (Figure 2) [Bauch et al., 1997; Carstens et al., 1997; Volkmann, 2000; Simstich et al., 2003] . When compared with the modern calculated d
18 O of calcite profile [Hillaire-Marcel et al., 2001] , core top N. pachyderma (s) d
18 O data from MD99-2227 [Evans et al., 2007] suggest that modern N. pachyderma (s) at this site calcify in the upper $100 m of the water column during late summer, in good agreement with previous inferences of the seasonal calcification habitat of this foraminifera Jonkers et al., 2010] .
[8] Mg/Ca and Ca-isotope data from N. pachyderma (s) tests in the Nordic Seas have confirmed the habitat of N. pachyderma (s) to be near the pycnocline, with the species preferring water temperatures of 3 to 6 C [Kozdon et al., 2009] and calcification occurring in the summer [Nyland et al., 2006] . Although the Mg/Ca-CT relationship has been shown to break down for certain core tops in the Nordic Seas, this was only documented at low sedimentation-rate sites (i.e., <5 cm kyr À1 ) [Meland et al., 2006] , which should not affect the Mg/Ca-CT relationship at a higher sedimentation rate site like Eirik Drift [Evans et al., 2007] . Hoffman et al. [2012] recently confirmed a summer pycnocline habitat for N. pachyderma (s) in the northwest Labrador Sea using the Kozdon et al. similar habitat for N. pachyderma (s) using Mg/Ca in core top samples from the northeast Labrador Sea. Thus we feel confident that the Mg/Ca changes we document here record changes in the CT of N. pachyderma (s) habitat, which is near the pycnocline. We note, however, that the pycnocline depth may have changed in the past, particularly on glacial-interglacial time scales. Therefore, these CT changes reflect changes in pycnocline temperature rather than temperature at a constant depth.
4. Methods 4.1. MD99-2227 Age Model and Sampling [9] The age model for MD99-2227 from $150 to 100 ka is primarily based on the correlation of MD99-2227 relative paleo-intensity (RPI) [Evans et al., 2007] to the global RPI stack of Channell et al. [2009] as shown in Figure 3b . We use two additional tie points based on the end of the penultimate glaciation d
18 O maximum at $136 ka in the global planktic and benthic PISO d
18 O and RPI stack (Figure 3a ) and the end of the last interglaciation d
18 O minimum plateau at $116 ka [Shackleton et al., 2003; Lisiecki and Raymo, 2005; Channell et al., 2009] . The resulting correlation between MD99-2227 and the global PISO d
18 O stack has an R 2 of 0.67, and 0.74 for the interval between 1600 and 2200 cm core depth. The correlation to the LR04 global d 18 O stack also has an R 2 of 0.67, and 0.77 for the interval between 1600 and 2200 cm core depth. The LIG is also identified by the lack of large increases in weight % sand (Figure 4g ) and the end of deposition of Hudson Strait-sourced detrital carbonate layers as [Evans et al., 2007] and suggests that N. pachyderma (s) lives in the upper 100 m of the water column at this site.
defined by bulk Ca/Sr and weight % CaCO 3 (Figure 4f ) [Evans et al., 2007; Carlson et al., 2008; Colville et al., 2011] . We note that MD99-2227 already has a well-defined TII-LIG stratigraphy that agrees with previous work on neighboring HU90-013-013 [Stoner et al., 1995; Hillaire-Marcel et al., 2001; Evans et al., 2007] ; here we only tune it to a more recent relative chronometer in the PISO stack ] along with classical definitions of the LIG [Shackleton et al., 2003; Lisiecki and Raymo, 2005; Channell et al., 2009] . Our results and interpretations do not depend on the LIG MD99-2227 age model, as they focus on intracore stratigraphic relationships. We only attempt inter-core comparisons in terms of relative LIG versus Holocene temperature change.
[10] The TI age model for MD99-2227 comes from Carlson et al. [2008] , who combined ten reservoir-corrected, calibrated radiocarbon dates from MD99-2227 [Fagel et al., 2004] with thirteen radiocarbon dates from the adjacent core HU90-013-013 [Stoner et al., 1995] using their respective RPI and relative magnetic grain size records. Carlson et al. [2008] also used the timing of Heinrich Event 2 at 24.5-23.5 ka, which is defined in core MD99-2227 by an abrupt increase in Ca/Sr and weight % CaCO 3 (Figure 4f ) We show the depth-age relationship for TI in Figure 4a .
[11] High sedimentation rates resulted in $440 cm of sediment during TI and the early to midHolocene. In contrast, the TII-LIG interval is relatively condensed, represented by $300 cm of sediment. We sampled the $32-6 ka interval at <100 to $400 year resolution and the $158-90 ka interval at $200-1000 year resolution (Figure 5b ). shown by blue crosses and dashed lines. MD99-2227 RPI on the PISO age model also shown (R 2 = 0.28). (c) Corresponding depth-age relationship for MD99-2227 (solid line with crosses of color-corresponding age control points) and sedimentation rate (dashed line).
The lower temporal resolution of TII reflects the influence of compaction and slower sedimentation rates. Twenty to thirty N. pachyderma (s) tests were picked from each sample interval, with the exception of several intervals that only yielded 10 to 20 tests. All tests were picked from the 150-250 mm size fraction, avoiding tests with apparent alteration (fragments, holes, yellow color).
Mg/Ca Methodology
[12] We measured Mg/Ca on the planktic, subsurface dwelling foraminifera N. pachyderma (s).
Elemental analyses were conducted at Oregon State University using a Dionex Ion Chromatograph interfaced with a VG PC ExCell quadrupole Inductively Coupled Plasma Mass Spectrometer (ICP-MS). We used a continuous flow-through time-resolved analysis (FT-TRA) technique for ICP-MS analysis [Haley and Klinkhammer, 2002; Benway et al., 2003; Klinkhammer et al., 2004] . [13] We calculate CTs from flow-through Mg/Ca ratios using a calibration from Kozdon et al. [Evans et al., 2007; Carlson et al., 2008; Colville et al., 2011] . (g) Weight percent sand (>63 mm) [Colville et al., 2011]. for N. pachyderma (s) from the Norwegian Sea [Nürnberg, 1995; Nürnberg et al., 1996] , which is the most applicable calibration to our study region [Hoffman et al., 2012; Irvalı et al., 2012] . Nürnberg [1995] determined test Mg/Ca using an electron microprobe, which avoided calcite overgrowths on the test, similar to the FT-TRA method [Klinkhammer et al., 2004] , suggesting that this CT-Mg/Ca calibration can be applied to our Mg/Ca record [Barker et al., 2005] . We also note that utilization of different cleaning procedures still results in similar CT-Mg/Ca calibrations [Barker et al., 2005] . The FT-TRA reproducibility of AE0.08 mmol/mol [Klinkhammer et al., 2004] results in an analytical CT uncertainty of AE0.6
C. The CT-Mg/Ca calibration has an uncertainty of AE1.1 C [Kozdon et al., 2009] , which results in a propagated total CT uncertainty of AE1.3 C [Obbink et al., 2010; Hoffman et al., 2012] .
[14] Neogloboquadrina pachyderma (s) Mg/Ca has only been calibrated to CT for tests from waters ≥1 C in the North Atlantic [Nürnberg, 1995; Nürnberg et al., 1996; Mashiotta et al., 1999; Kozdon et al., 2009] , introducing additional uncertainty for tests from water <1 C. Nevertheless, N. pachyderma (s) from the Southern Ocean shows the same Mg/Ca-temperature relationship down to À1 C [Nürnberg, 1995] , and all foraminifera exhibit a similar Mg/Ca-temperature relationship, allowing for extrapolation to lower temperatures [Mashiotta et al., 1999; Elderfield and Ganssen, 2000] . Furthermore, N. pachyderma (s) cannot inhabit waters much colder than 1 C, as its observed temperature limit is À1.4 C, indicating that the extrapolated lower temperatures are at most over a range of $2.4 C. Changes in salinity can also affect foraminiferal Mg/Ca. Salinity has been shown, however, to only have a significant influence at >35.5 practical salinity units (psu) [e.g., Arbuszewski et al., 2010] , which is above the salinity of the Labrador Sea at the Eirik Drift of <34.8 psu (Figure 2b ). (Figure 5c ) [Schrag et al., 2002] . For TII, this effect was estimated using the benthic d 18 O stack of Lisiecki and Raymo [2005] scaled to the same glacial-interglacial change in d
18 O (Figure 5c ) [Schrag et al., 2002] . We remove the temperature component from d
18
O Nps using the Shackleton [1974] equation for cold-water foraminifera:
where CT is the Mg/Ca-derived CT and 0.27 converts d
18 O values from VPDB to the standard mean ocean water (SMOW) scale [Epstein et al., 1953; Coplen, 1988] (Figure 5a ). The resultant uncertainty envelope is plotted in Figure 5d , which is generally too small to distinguish from the data-line thickness. Age model uncertainties for periods beyond the ability of radiocarbon dating are larger. We therefore vary the TII-LIG core chronology by a larger AE3 kyrs (Figure 5a ) to assess the effects of chronologic uncertainty on d
18 O sw (Figure 5d ). The uncertainty envelope is visible for this time period, but the d 18 O sw oscillations discussed below are still significant (Figure 5d ). This suggests that despite chronological uncertainties in the older portion of the core, which become relevant when comparing our age model against ice-volume d 18 O, our d 18 O sw signal remains robust.
Results
[18] TI N. pachyderma (s) Mg/Ca ratios range from 0.50 to 1.23 mmol/mol (Figure 4c ), yielding CTs from approximately 1 C to 7 C (AE1.3 C) (Figures 4d, 5b, and 6b) . Following an $2 C oscillation $26.5-24 ka, CT remains 1-2 C through the last glacial maximum and the early deglacial period until $15 ka, when CT warms again to a peak of $7 C at $10 ka. Between $10 and 8 ka, CT decreases to $3 C and subsequently warms to 4-5 C, which is within uncertainty of the modern subsurface temperature (Figure 2a) . During TII and LIG, Mg/Ca ratios increase from 0.64 to 1.02 mmol/mol (Figure 4c ), or $2.5 to 5 C (Figures 4d, 5b, and 6b ). CTs rise from glacial temperatures of 2-3 C to $5 C between $138 and 121 ka, plateauing at $5 C until $116 ka, when CT decreases to $3 C by $112 ka and $2 C by $102 ka. [19] Following steady values $30 to 18 ka, d
18 O shows an overall $1.8‰ decrease during TI with an $2 kyr plateau around 14 ka (Figures 5a and  6a) . In contrast, d
18 O sw increases $0.7‰ (AE0.3‰) 30-24 ka and then decreases $0.8‰ by $22 ka (Figures 5d and 6c) . Between $20 and 17 ka, 18 O sw decreases by $1.6‰, with a later increase of $1.5‰ by $15.5 ka, an oscillation that was masked in d 18 O by the CT warming $15 ka. Subsequently, d
18 O sw fluctuates by $0.5‰ between $10 and 8.5 ka.
[20] During TII, stable d
18 O $143-135 ka is followed by an abrupt $1.8‰ decrease at $135 ka (Figures 5a and 6a) . After an $1.0‰ increase N June insolation [Berger and Loutre, 1991] . Light gray bar shows the first portion of the LIG while the yellow bars denote the second part of the LIG and peak CT during TI. Dark gray bars show Heinrich Events 2 (H2), and 1 (H1), the 8.2 ka event (8.2) and IRD events during TI and TII.
beginning at $131 ka, d
18 O fluctuates by $1.0‰ until $128 ka when it reaches the LIG plateau. Calculated d 18 O sw decreases by $2.0‰ between $136-135 ka and then varies by 1.7-1.0‰ until $127 ka (Figures 5d and 6c) . Between $127 and 121 ka, d
18 O sw generally increases by $0.3‰ but with two decreases of $0.6‰, followed by a LIG maximum from $121 to 114 ka. In the subsequent glacial period, d
18 O sw has millennial-scale decreases of $0.9 and $0.6‰ at $111 and 107 ka, respectively. [Evans et al., 2007; Hodell et al., 2008; Colville et al., 2011] . Increased freshwater discharge to the North Atlantic including the Labrador Sea is consistently shown by climate models to cause surface waters to gain buoyancy, reducing convection and deep water formation [e.g., Rahmstorf, 1994; Manabe and Stouffer, 1995; Otto-Bliesner et al., 2006; Liu et al., 2009; Sánchez Goñi et al., 2012] . Climate models also simulate that convection in the Labrador Sea is more sensitive to freshwater perturbations than convection in the Nordic Seas, with reduced convection cooling the surface and subsurface waters of the Labrador Sea [Cottet-Puinel et al., 2004; Schulz et al., 2007; Born et al., 2010] , which agrees with our observation of cooler CT during decreased d
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18 O sw .
[22] CT warmed $15 ka, roughly coincident with increased d 18 O sw and AMOC strength [e.g., McManus et al., 2004; Stanford et al., 2006; Praetorius et al., 2008; Liu et al., 2009] . CT warming at $15 ka agrees with the evidence for a greater influence of Irminger Current water around southern Greenland 15-10 ka, as suggested by both the transport of Atlantic alkenones to southwest Greenland [Knutz et al., 2011] and the occurrence of diatoms and benthic foraminifera associated with Atlantic water masses near southeast Greenland [Williams, 1993; Jennings et al., 2006] . Although an increase in weight % sand occurs during Heinrich Event 0 at $12 ka, the concurrent decrease in CT and d
18 O sw is small relative to earlier Heinrich Events, and it is within the uncertainty of the methods (Figure 6 ). The 10-8 ka CT decrease is also coincident with reduced d
18 O sw during an interval of declining AMOC that culminated in the 8.2 ka event (Figure 6) (Figures 6c, 6e , and 6f) could explain the smaller CT rise across TII relative to TI from reduced AMOC until the end of TII [Oppo et al., 1997; Carlson, 2008; Ganopolski and Roche, 2009] . Notably, we identify a decrease in d
18 O sw at $128 ka, concurrent with an abrupt increase in detrital carbonate, thought to be due to the collapse of the Laurentide Ice Sheet over Hudson Bay during TII, akin to the forcing of the 8.2 ka event during TI [Carlson, 2008] .
[24] Despite Mg/Ca-CT uncertainty [e.g., Mashiotta et al., 1999; Kozdon et al., 2009] , our TII CT warming of $2 C may be slightly less than the TII N. pachyderma (s) Mg/Ca-CT warming of 3-4 C reconstructed by Irvalı et al. [2012] at MD03-2664 for $80 km southwest of MD99-2227 (Figure 1) . The more northeast location of our record relative to the Irvalı et al. [2012] record may explain this Mg/Ca-CT difference, where our data are more influenced by the cold East Greenland Current whereas their record may have experienced a greater influence of warmer Atlantic waters [Myers et al., 2007; Holliday et al., 2007] . In addition, Irvalı et al. [2012] used a different foraminifera preparation method than FT-TRA, which could also explain some of this temperature offset [Barker et al., 2005] . Our TII CT warming is also less than the $5 C of sea surface temperature (SST) warming reconstructed by Irvalı et al. [2012] using planktic foraminifera modern analogue technique (MAT). This CT-SST difference likely reflects the different water masses being reconstructed, where the smaller CT warming in our Mg/Ca record and the Mg/Ca record of Irvalı et al. [2012] reflects the deeper habitat of N. pachyderma (s).
[25] We note that above, we interpret d
18 O sw decreases during TI and TII as recording reductions in salinity from meltwater discharge and iceberg melting, which is supported by the coincident sedimentological evidence for increased iceberg discharge (Figure 6f ) and meltwater plumes sourced from Hudson Strait (Figure 6e) [Telford, 2006; Telford and Birks, 2011] . Without an independent SSS proxy to support the brine-rejection hypothesis, decreased d
18 O sw may rather record increased freshwater discharge, as has been the more traditional interpretation [e.g., Keigwin et al., 1991; Obbink et al., 2010; Thornalley et al., 2010; Hoffman et al., 2012] . Additional studies suggest that sea-ice formation does not have a significant effect on planktic foraminiferal d 18 O [Dokken and Jansen, 1999; Thornalley et al., 2011] .
Last Interglacial Northeast Labrador Sea
[26] Northeast Labrador Sea CT and d
18 O sw evolved differently during the LIG relative to the Holocene. A Holocene CT peak was reached at $10 ka shortly after an increase in d
18 O sw (Figures 6b and 6c ) and a decrease in GIS runoff, as indicated by both a reduction in Ti concentration (Figure 6d ) and reduced Precambrian Greenlandic silt concentration at Eirik Drift [Colville et al., 2011] . Peak Holocene CT was coincident with peak boreal summer insolation (Figure 6h ), before cooling during the 8.2 ka event and reaching near-modern values by $8 ka. Although direct correlation to boreal summer insolation during the LIG is complicated by core age-model uncertainties, LIG CT did not show peak warmth in the first half of the LIG d
18 O plateau around the time of peak boreal summer insolation at 128-126 ka (Figure 6h) . Rather, CT remained constant within the Mg/Ca-CT uncertainty across the LIG d
18 O plateau and was slightly cooler than peak early Holocene CT (Figure 6b ). Temperature records from Baffin Island and the Nordic Seas also show cooler-than-peak-Holocene LIG temperatures [Bauch et al., 1999 [Bauch et al., , 2012 Axford et al., 2011; Van Nieuwenhove et al., 2011] , consistent with our CT record, but somewhat in conflict with the CAPE Project Arctic LIG temperature reconstructions [CAPE-Last Interglacial Project Members, 2006] .
[27] Our CT record of no-warmer-than-Holocene LIG CT is also consistent with recent Mg/Ca-CT and MAT SST records from MD03-2664 (Figure 1 ) that are, within the uncertainties of the methods [Mashiotta et al., 1999; Kozdon et al., 2009; Telford and Birks, 2009] , not significantly warmer than core top CT and MAT estimates from nearby sites [Irvalı et al., 2012] . The absolute 1-3 C warmer CT during the early part of the LIG at MD99-2664 relative to MD99-2227 could reflect both core position relative to the Atlantic-Arctic currents and the Mg/Ca methodology employed (see section 6). In terms of relative interglacial warmth and given the possible large uncertainties in dinoflagellate SST reconstructions [Telford, 2006; Telford and Birks, 2011] , the LIG SST record of de from Eirik Drift also agrees with our CT record in suggesting constant SST during the LIG that was no warmer than the Holocene.
[28] Unfortunately, the Irvalı et al. [2012] Mg/ Ca-CT record only spans the LIG up to $122 ka and thus we are unable to compare CT for the latter part of the LIG. Nevertheless, their MAT SST record suggests constant SST through the LIG within the uncertainty of MAT [Telford and Birks, 2009; Irvalı et al., 2012] , which agrees with our CT record. Irvalı et al. [2012] also did not document CT or SST changes during TI and the early Holocene. Thus we cannot compare their records against others and our records that include the early Holocene, and which show an early Holocene peak in CT that is not observed in the same records during the LIG [Bauch et al., 1999 [Bauch et al., , 2012 Axford et al., 2011; Van Nieuwenhove et al., 2011] . (Figure 6d ) as well as changes in magnetic grain size and increased concentration of Precambrian Greenlandic silt [Stoner et al., 1995; Carlson et al., 2008; Colville et al., 2011] . Another source of reduced d 18 O sw during the LIG to the Labrador Sea could be increased freshwater and sea-ice discharge from the Arctic Ocean in the East Greenland Current [Hillaire-Marcel et al., 2001; Cottet-Puinel et al., 2004; Born et al., 2010] . 18 O sw record agrees with previous inferences of fresher conditions in the northeast Labrador Sea through the early to mid LIG (i.e., up to $122 ka) [Stoner et al., 1995; HillaireMarcel et al., 2001; CAPE-Last Interglacial Project Members, 2006; Carlson et al., 2008; Colville et al., 2011] , which is also simulated by climate models [Cottet-Puinel et al., 2004; Born et al., 2010; Sánchez Goñi et al., 2012] . [31] In addition to creating a more stratified water column, the persistent meltwater flux from south GIS retreat and potentially increased freshwater/ sea-ice discharge from the Arctic Ocean, may have reduced convection in the Labrador Sea, thereby decreasing AMOC relative to the Holocene for much of the LIG. Despite low resolution due to the infrequency of tests, Eirik Drift benthic d 13 C records from the neighboring core HU90-013-013 (Figures 1 and 6a) show that full deep-ocean ventilation similar to the modern as recorded at MD03-2665 [Kleiven et al., 2008] was not achieved until near the end of the LIG ($122-116 ka) (Figure 6e ) [Hillaire-Marcel et al., 2001] , concurrent with increased d
18 O sw and a reduction in GIS runoff (Figures 6c and 6d) . In contrast, benthic d 13 C may have been close to modern in the early Holocene when northeast Labrador CT reached its peak, with a brief interruption during the 8.2 ka event (Figures 6b and 6g) [Kleiven et al., 2008] .
[32] Although direct correlation is complicated for LIG records from different parts of the North Atlantic basin, other North Atlantic ocean-ventilation and AMOC records support a reduced AMOC relative to present during the early part of the LIG ($126-122 ka), with AMOC reaching present strength in the middle to late LIG ($122-116 ka) [Rasmussen et al., 2003; Oppo et al., 2006; Martrat et al., 2007; Hodell et al., 2009; Guihou et al., 2010; Hillaire-Marcel et al., 2011; Sánchez Goñi et al., 2012] . Most notably, shallower benthic d 13 C records that are influenced by deep water formed in the Labrador Sea suggest that Holocene d
13 C values were reached later in the LIG relative to deeper records influenced by deep water formed in the Nordic Seas [Rasmussen et al., 2003; Oppo et al., 2006; Hodell et al., 2009; Sánchez Goñi et al., 2012] . This is consistent with convection in the Labrador Sea being more sensitive to freshwater discharge than convection in the Nordic Seas [CottetPuinel et al., 2004; Schulz et al., 2007; Born et al., 2010] . Reduced deep ocean ventilation and AMOC during the LIG is also consistent with cooler SSTs in the Nordic Seas relative to the Holocene [Bauch et al., 1999 [Bauch et al., , 2012 Van Nieuwenhove et al., 2011] , and peak surface air temperatures over northern Baffin Island that were no warmer than the Holocene [Axford et al., 2011] .
[33] One coupled climate model simulates an $25% AMOC reduction for the LIG due to decreased convection in the Labrador and Nordic Seas from south GIS meltwater discharge of 0.1 Sverdrups (10 6 m 3 s À1 ) that leads to $1.5 C of cooling south of Greenland [Otto-Bliesner et al., 2006] . This is a larger freshwater forcing than can be explained by south GIS melting [Colville et al., 2011] , and the simulated resultant cooling that extends across much of the North Atlantic is inconsistent with northeast Atlantic proxy records, which show peak warmth early in the LIG d 18 O plateau [Cortijo et al., 1999; Shackleton et al., 2003; Oppo et al., 2006; Martrat et al., 2007; Bauch et al., 2012; Sánchez Goñi et al., 2012] . However, another climate model simulated that if GIS meltwater discharged south of Greenland did not exceed 0.039 Sverdrups, then deep convection was only reduced in the Labrador Sea, decreasing AMOC by up to 24% and causing cooling concentrated near south Greenland that extends eastward into the Nordic Seas [Sánchez Goñi et al., 2012], consistent with cooler-than-Holocene conditions in the central Nordic Seas during the LIG [Bauch et al., 2012] . This cooling may have partially offset the influence of elevated boreal summer insolation during the early portion of the LIG ($128-122 ka; Figure 6h ), explaining cool CT at our study site around the time of peak LIG boreal summer insolation relative to peak Holocene CT and boreal summer insolation.
[34] Along with the direct influence of south GIS meltwater on Labrador Sea convection, subpolar gyre strength in response to LIG boreal summer insolation may also have reduced Labrador Sea convection and influenced both CT and hydrography above Eirik Drift. Two climate models simulate a cooler and fresher Labrador Sea during the LIG, even in the absence of south GIS meltwater, potentially due to increased export of freshwater and sea ice from the Arctic to the Labrador Sea via the East Greenland Current [Cottet-Puinel et al., 2004; Felis et al., 2004] . This freshening of the Labrador Sea feeds back on itself through its attendant impact on subpolar gyre strength [Born et al., 2010] . A fresher subpolar gyre reduces the density contrast across the gyre and increases the sea surface height of the gyre center, thereby decreasing gyre strength. In turn, a weaker subpolar gyre increases the export of Arctic freshwater and sea-ice in the East Greenland Current, further freshening the Labrador Sea [Hátún et al., 2005; Haine et al., 2008; Born et al., 2010] . Our Mg/Ca-derived CT and d
18
O sw data indicate cooler and fresher conditions during the LIG relative to the early Holocene, particularly during the first part of the LIG, which is consistent with a weaker North Atlantic subpolar gyre during the LIG. This subpolar gyre feedback has been documented on millennial time scales for the Holocene [Thornalley et al., 2009] , and our data suggests it may have also occurred on multimillennial to orbital time scales during the LIG.
Conclusions
[35] Here we document for the first time that the subsurface of the northeast Labrador Sea remained at a relatively constant CT through the LIG, and was no warmer than the peak Holocene CT, consistent with climate model simulations of the LIG. Cooler CT was concurrent with continued fresher conditions through first half of the LIG likely due to GIS retreat and increased inflow of Arctic waters to the Labrador Sea, with cooler CTs potentially amplified by a positive freshwater-feedback on subpolar gyre strength. This combination of forcing and feedback could explain reduced Labrador Sea ventilation for much of the LIG. We suggest that these feedbacks could be an important governor of Labrador Sea subsurface hydrography on multimillennial to orbital timescales.
